interface. The simulation also shows that the accuracy in assessing the adhesive bond strength depends on the sensitivity of the reflected phase to variations in the interfacial stiffness constants, reflecting in part the nonlinearity of the scaling relationship.
I. INTRODUCTION
Because of their high strength-to-weight ratio and their flexibility to meet design and manufacturing needs, composite materials such as carbon fiber reinforced polymers are being used more frequently in the aerospace and automotive industries to replace heavier metal components. Since bolting and riveting are problematic in joining two composite components, the preferred method of joining is adhesive bonding. Of critical importance is the ability of the adhesive to transfer an applied load between the joined composite adherends. The load transfer characteristics is determined by the integrity and quality of the bond between the adhesive and the adherend. Surface preparation anomalies in manufacturing may cause an adhesive bond to suffer a strength reduction or lead to an increased susceptibility of bonded interfaces to an environmental degradation while the piece is in service. Mechanisms of environmental interface degradation include loss of molecular bonds, which can result in interfacial strength reduction, the initiation and growth of micro-cracks, and eventually to failure. A quantitative nondestructive assessment of bond integrity is thus crucial to the use of joined composites in more advanced structures, especially where safety issues become more pressing.
Since ultrasound provides a direct mechanical means to interrogate bond integrity, many nondestructive techniques have centered on exploiting various properties of ultrasonic interactions with bonded interfaces to assess bond quality. Conventional ultrasonic amplitude measurements are often used to detect major interface degradation such as delaminations, but they are relatively ineffective in measuring very weak or 3 'kissing' bonds, since the wavelengths are generally too long compared to the thickness of the adhesive interface to provide an adequate signal-to-noise ratio. Angle beam ultrasonic spectroscopy (ABUS) [1] [2] [3] quantifies bond quality by measuring the shift in the minimum of the ultrasonic reflection frequency spectrum for both normal incidence and oblique incidence waves on bonded interfaces. Characteristic frequencies associated with adherend-adhesive interface stiffness parameters, embedded in the longitudinal and transverse ultrasonic reflection coefficients, have been used to assess bond quality [4] .
Ultrasonic phase measurements have been used to assess the quality of titanium diffusion bonds [5, 6] . And ultrasonic phase measurements of 'kissing bonds', simulated by dry contact interfaces, have proved promising in studies that show measurable phase shifts for different dry contacting surfaces [7] . The ability of phase measurements to assess weak and kissing bonds begs further exploration of phase-based methods for assessing the quality and integrity of adhesive bonds.
Broadband ultrasonic pulses are often used in phase measurements, where phase information is obtained from a Fourier analysis of the pulses, but phase-based methods require a high signal-to-noise ratio that is not generally achieved with broadband pulses.
In contrast, measurement systems using narrow-band ultrasonic tone-bursts (gated continuous waves) generally have the necessary signal-to-noise ratio for reliable measurements. Further, ultrasonic phase-measuring systems based on constant frequency pulse phase-locked loop (CFPPLL) technology have the additional advantage that phase variations can be measured to parts in 10 9 [8] . A recent application [9] reveals that "the sensitivity of the CFPPLL instrument allows detection of bond pathologies that have been
Ultrasonic measurements are based on a continuum model of adherend-adhesive interfaces where perfect adhesive bonding corresponds to an infinite array of bonds covering a finite area of adherend-adhesive contact. Realistically, the finite dimensions of atoms prevent the occurrence of an infinite array of bond sites. Adhesive bonding is more accurately described by the physico-chemical model of adhesion [10, 11] . To obtain a truly quantitative assessment of adhesive bond strength a scaling equation is introduced in the present work to link ultrasonic measurements to the physico-chemical model.
The focus of the present work is to develop a model for assessing bond quality using constant frequency narrow-band phase-based techniques. Section II begins with a derivation of ultrasonic amplitude and phase contributions from adhesively bonded interfaces for normal incidence of plane waves on the bond-line. Section III shows the connection between phase-based measurements and the physico-chemical model of adhesive bond strength. Section IV applies the present model to the simulation assessment of the adhesive bond strength of two aluminum alloy 6061 adherends joined by an epoxy adhesive. Model input is obtained from the calculated phase of the reflected tone-bursts from the adherend-adhesive interfaces as a function of the interfacial stiffness constants.
II. ULTRASONIC AMPLITUDE AND PHASE CONTRIBUTIONS FROM BONDED

INTERFACES
The amplitude and phase of an ultrasonic wave is derived for the case of a wave passing through adhesive material joining two monolithic structures (the adherends) of different composition. It is assumed that for gated ultrasonic continuous waves (tonebursts) each monolithic structure can be modeled as semi-infinite and separated by the 5 thickness L of the adhesive joint as shown in Fig.1 . The adherends are labeled (1) and (3) in Fig. 1 and the adhesive is labeled (2) . For tone-bursts much longer than the thickness of the adhesive, but shorter than the thickness of either adherend, it is appropriate to consider a continuous traveling wave of displacement amplitude Ai incident from medium 1 (adherend), having mass density1 and phase velocity c1 onto the boundary at the spatial position x = 0 between medium 1 and medium 2 (the adhesive). The adhesive has mass density2, phase velocity c2, and thickness L. Assume a continuous wave of the form = /c2 , and c2 is the phase velocity. The spatial position x = L corresponds to that of the interface between medium 2 and medium 3, having mass density3 and phase velocity c3.
The wave is partially reflected and partially transmitted upon each encounter with the boundaries at x = 0 and x = L. T12 and T21 are the transmission coefficients between medium 1 and medium 2, T23 is the transmission coefficient between medium 2 and medium 3, and R12 and R21 are the reflection coefficients between medium 1 and medium 2.
Tatersall [12] has shown that the acoustic transmission coefficient between medium a and medium b for waves incident from medium a is given as
where
Za = aca is the acoustic impedance of medium a, a is the mass density, and ca is the sound velocity. Zb = bcb is the acoustic impedance of medium b, b is the mass density, and cb is the sound velocity. is the interfacial spring stiffness constant between media a and b, and is a measure of the quality of the adhesive bond. For perfect bonds it is assumed that = ∞. Eq. (1) The reflection coefficient between medium a and medium b for waves incident from medium a is given as [12] = − + ( )
For perfect adhesive bonding = ∞ and Eq. (4) As indicated in Fig.1 , the wave transmitted from medium 1 through medium 2 into medium 3 is comprised of the sum of all waves transmitted into medium 3 after multiple partial reflections and transmissions between the boundaries x = 0 and x = L in medium 2.
The wave transmitted into medium 3 at x = L is
where the complex transmission amplitude At is the sum of the complex amplitudes of waves partially transmitted into medium 3. The complex wave transmission amplitudes resulting from multiple reflections in medium 2 are shown on the right side of Fig.1 , where
is the wave number in medium 2 and 2 is the attenuation coefficient. = | | .
The magnitude of the effective transmission coefficient
where 
K12 is the interfacial spring constant between medium 1 and medium 2, K23 is the interfacial spring constant between medium 2 and medium 3,
and 23 = tan 
The phase  of the transmitted wave given in Eq. (7) is obtained as .
The 
where the magnitude of the reflected wave is .
The total ultrasonic phase associated with the reflected tone-burst is
where c1 is the sound velocity in medium 1, L1 is the thickness of medium 1,  is the ultrasonic angular frequency, and tdcr is the phase contribution from the transducer and transducer bond. The total ultrasonic phase associated with the transmitted toneburst is
where c3 is the sound velocity in medium 3, L3 is the thickness of medium 3, tdcr1 is the phase contribution from the transmitting transducer and transducer bond, and tdcr2 is the contribution from the receiving transducer and transducer bond. For sufficiently thin transducer bonds the phase contribution from the transducer bonding material is relatively negligible. When operating at bonded transducer resonance the phase contribution from the transducer is zero. Thus, when operating at bonded transducer resonance with sufficiently thin transducer bonds tdcr ≈ 0.
III. CONNECTION TO PHYSICO-CHEMICAL MODEL OF ADHESIVE STRENGTH
A. The physico-chemical model
The physico-chemical model [10, 11] 
where U0 is the bond dissociation energy, r0 is the equilibrium separation distance between the bonded atomic pairs, and  is the 'shape' or 'bond hardness' parameter. The maximum attractive force occurs for ⁄ = 
14
The parameter 〈 〉 = is thus the average interatomic bond length in the distribution and represents the interface separation of the adhesive and adherent.
Since 〈 〉 = , it is assumed that the appropriate value of in the Weibull distribution corresponding to a separation 〈 〉 = ′ is ′ itself. Thus, the average interatomic binding force per bond 〈 〉 is a function of = ′ and is obtained as
The adhesive tensile strength 〈 〉 is thus calculated from the number of bonds per unit area N = fN0 and Eq.(34) as
The evaluation of the adhesive strength 〈 〉 from Eq.(35) requires that an assessment of the fraction f of intact bonds be assessed experimentally and that = ′ be calculated for the bond separation distance ′ = = 0 + (1⁄ ) 2 , corresponding to the maximum value of ( ) = − ⁄ . These assessments are discussed in Section IIIB for the case of aluminum-epoxy bonds. MPa. An adhesive strength of 10 kPa is effectively an adhesive bond failure.
It is important to note from Fig.2 that since the phase changes sign at = 3.5 10 14 N m -3 , the relationship between  and K is single-valued. This means that there 20 is no ambiguity in assessing the value of K from a measurement of the ultrasonic phase .
Further, a measured negative value of the reflected phase means the adhesive bond has failed, since a negative value means that the bond strength is below 10 kPa. Thus, 'kissing bonds' are detected as a negative phase.
The general procedure to assess the adhesive bond strength from a measurement of the ultrasonic phase  is to substitute the measured value of  in Eq. (28) . Thus, the quantitative evaluation of the adhesive bond strength for the strongest bonds becomes more difficult to ascertain as K becomes ever larger. However, the difficulty is greatly mitigated by the state-of-the-art capability of CFPPLL-based ultrasonic instrumentation to measure phase to parts in 10 9 [8] .
